Thirteen commercially available ventilator monitoring alarms supplied by the distributors were evaluated. It was decided that devices with no power failure precautions or unprotected variable controls could not be recommended for general use. By these criteria only two devices could be recommended for general use as ventilator alarms and a further three as disconnect alarms; in each instance these recommendations are subject to certain reservations and suggested modifications. A ventilator alarm should be regularly serviced and checked before use and should be not used by anyone unfamiliar with the applications or limitations of that particular device.
relatively normal in the presence of dangerously abnormal pressures. Alarms based on monitoring pressures should be capable of detecting a number of different abnormal conditions in the patient breathing system (Table 1) . against failure should include protection against accidental inactivation by using a keyoperated or a pressure-activated on/off switch, and protection against power failure by incorporating a power-test facility, a powerfailure alarm, and/or a reserve power supply. Devices should also be immune from interference by diathermy, and from damage by exposure to excessive positive or negative Ventilator alarms should also have safeguards against failure or operation in a dangerous mode (see below). Safeguards pressure. Devices which detect the failure of the pressure in the breathing system to be regularly raised to a certain level have been designated as 'disconnect alarms', and those which, in addition, instantaneously detect excessive pressure, as 'ventilator alarms'. Safeguards against operation in a dangerous mode should include protection against inappropriate time delays or pressure thresholds by using preset fixed values, or by having controls which, once set by the operator, cannot be accidentally changed (i.e. 'protected' controls). Low pressure alarms with unprotected controls which permit the setting of a delay of greater than 25 seconds, and the setting of pressure thresholds of less than 7.5 cm H20 were considered unacceptable for the purposes of making a judgement as to whether or not a device should be recommended for general use. With these considerations in mind, it was decided to evaluate thirteen ventilator alarms commercially available in Australia (Table 2) .
METHOD
Four different alarm functions were tested for each device (Figure 1 ), using the system shown in Figure 2 . Dynamic rather than static testing was carried out using both critically damped square and sawtooth pressure waveforms. These were generated by manipulation of the rates of gas flow produced by the ventilator, and the compliance and resistance of the test lung. Tests for each waveform were repeated first by using oxygen saturated with water vapour between 37 QC and 40 QC, and then by using 700/0 nitrous oxide in oxygen with 0.5% added halothane, to simulate conditions in the ICU and operating theatre, respectively.
The four alarm conditions were tested in the following manner:
Low Pressure Alarm Function. The amplitude of the pressure waveform was slowly reduced until the alarm sounded, then slowly increased until it reset. Readings were repeated at 5, 10, 15, 20, 30 and 50 cm H20 in devices with adjustable thresholds.
High Pressure Alarm Function. The amplitude of the pressure waveform was slowly increased until the alarm sounded, and then slowly reduced until it reset. Readings were repeated at different pressure thresholds, as above, for devices with adjustable thresholds.
Continuous Pressure Alarm Function. Positive end-expiratory pressure (PEEP) was slowly increased until the alarm sounded, and then slowly reduced until the alarm cancelled. (1) Discreet 'Iow rate' and 'high rate' alarms in addition to 'Iow pressure' alarms.
(2) Alarm volume is muted only while the mute button is held depressed. .,,(1)
." ."
7-13(3)
."
15
11
22
." ." .... Readings were repeated at 5, 10, and 15 cm H20 for devices with adjustable thresholds. Sub ambient Pressure Alarm Function. Negative end-expiratory pressure was slowly increased until the alarm sounded, and then reduced until it reset.
Hysteresis and Time Delays. Differences between pressures required to trigger alarm functions and those required to reset them were measured in triplicate. (Hysteresis of less than 5070 or 1.0 cm H20 was considered acceptable.) Time delays before alarms sounded were also measured in triplicate, using a stopwatch. If devices had adjustable time delays, measurements were taken with control settings at 3, 5, 6, 10, 20, 40 and 60 seconds, where applicable, and the accuracy of these controls was determined.
Safeguards against failure and against operation in a 'dangerous mode' (see above) 
NOTES:
No continuous alarm facility in devices I, 9 and 13.
(I) All devices tested with the exception of device number 7; used the low pressure alarm point for this function.
(2) Su bject to simple modification of pressure control. were evaluated. The presence of any on/off protection was noted, and pressure-operated switches were tested. Safeguards against power failure were evaluated by repeating tests for 'low' pressure (at 10 cm H20 threshold), 'high' pressure (at 30 cm H20 threshold), and time delay This was demonstrated by repeating tests for 'low' pressure (at 10 cm H 2 0 threshold), 'high' pressure (at 30 cm H20 threshold), and 'time delay' (15 seconds) with the alarms less than one metre away from a surgical diathermy device (Siemans FTZ) which was producing a measured output of 100 watts of combined 'cutting' and 'coagulation' waveforms in conjunction with an electrosurgical analyser (Neurodyne-Dempsey, Model 443).
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.... X .... X minute, and a continuous negative pressure of -50 cm H 2 0 for one minute, and then repeating 'low', 'high', 'continuous' and 'negative' tests. The Campbell ventilator alarm was exposed to an intermittent positive pressure of 200 cm H20, and a continuous negative pressure of -25 cm H20, for one minute each. The possibility of setting inappropriate values of time delay or pressure threshold was noted for the four alarm functions of each device. 'Mute' periods were also timed.
Electrical Safety. Devices were tested to ensure they conformed with Australian Standard AS3200 (1980). Current leakage was measured with the alarms grounded, ungrounded, and ungrounded with reversed power supply polarity.
RESULTS
The results of the tests on the low pressure, high pressure, and continuous pressure alarm functions are presented in Tables 3, 4 and 5, respectively. There was no difference in the performance of any of these functions on testing with the two different gas compositions. There was no difference in the performance of any of the devices tested when the two different waveforms were used, with the exception of the low-pressure alarm control of device No. 8, the calibration of which proved to be inaccurate for the sawtooth waveform, but not the square waveform. Device No. 7 was the only device fitted with a subambient pressure alarm function, the performance of which was shown to be satisfactory. No device was shown to be subject to electromagnetic interference, and all devices conformed with the Australian Electrical Safety Standards. An overall summary of the assessment of all devices tested is presented in Table 6 .
DISCUSSION
Ventilator alarms present a particularly difficult design problem because they should be reliable, safe and simple, while at the same time they should be capable of detecting a variety of abnormal conditions. Because it is likely that they may be used, at least from time to time, by relatively inexperienced personnel, and because of the potential dire consequences of their failure or malfunction, it is felt that a ventilator alarm should satisfy certain basic requirements before it should be recommended for general use. These include adequate power failure precautions and controls which are either fixed at predetermined known values, or which are accurately calibrated, correctly labelled, and protected from accidental adjustment. Of the thirteen devices tested, it was felt that only two ventilator alarms (Devices 3 and 7) and three disconnect alarms (Devices 4, 5 and 11) should be recommended for general use, and then only with certain reservations or if certain modifications are carried out, if the devices are tested before use, and if the devices are used in the appropriate clinical setting. These points will be discussed further under accounts of each individual device (see below). The remaining devices (Devices 1, 2, 6, 8, 9, 10, 12 and 13) should only be used by individuals who are fully aware of the possible pitfalls, and should only be available for use in circumstances in which they cannot be inadvertently used by inexperienced personnel. It must be emphasised that some of these devices may be satisfactory in the hands of experienced operators or for specific purposes.
On/Off Switches. The lack of adequate protection of on/off switches was a common problem with the devices tested. The problem was compounded by the fact that there are different requirements for operating theatre and intensive care use. A key-operated switch may be suitable for intensive care use provided that the key is carried by one person in charge, so that personnel at the bedside are unable to disable the machines. The repeated operation of a temporary 'mute' facility is preferable. Direct interfacing of the on/off switch with a ventilator, as in Device 7, is a partial solution to this problem. However, such an interface is not compatible with all ventilators, and failure of the high-pressure gas source when the interface is operational may result in failure of the lowpressure alarm (see below). Devices to be used in the operating theatre present less of a problem, as it is reasonable to require a person who wishes to use a ventilator alarm in theatre to ensure that it is turned on and that it has been checked before use. A pressure activated on/off switch, such as that fitted to Device 5, is well suited to use in the operating theatre, as the first pressure pulse received by the device switches it on. However, ideally, Device 5 would require further modification for intensive care unit use so that it could only be Anaesthesia and Inlensil'e Care, Vol. 14, No. 2, May, 1986 muted for a set period of time rather than be disabled, during, for example, patient disconnection for nursing care or airway suction. Another satisfactory arrangement is that used by Device 11 in which the insertion of the connector probe switches the device on; again, modification to include a mute facility would be desirable for intensive care use.
Low-pressure alarms require an alarm point setting as close as possible to the maximum inspiratory pressure used for the ventilation of each patient for maximum sensitivity for the detection of partial disconnections. It has been documented that partial disconnections may not be detected by low pressure alarms set at 8 cm H20 or less. 9 A range of accurately calibrated settings, such as those available on Device 7, may be a reasonable solution to the problem, as long as the settings cannot be accidentally adjusted. A fixed alarm threshold (as in Devices 4, 5 and 11) may also be an acceptable solution to this problem. However, the choice of value for such a fixed setting of alarm threshold has to be a compromise, as too high a threshold will make a device unsuitable for use in some patients with a low pulmonary compliance. It is important to be aware that it is possible, if the compliance of the patient's respiratory system changes, that ventilation may be compromised with a partial circuit disconnection without the alarm sounding; such a change in compliance may occur if, for example, bronchospasm develops, or if a surgeon leans on the chest wall. A study in progress indicates that for a circle system, with a variety of ventilators, certain circumstances may arise (involving simultaneous partial disconnection and compliance change) in which the alarm is not activated with significant decreases in ventilation, as similar pressure waveforms continue to be generated.
Ventilator alarms should be placed as close as possible to the patient in the breathing system, as it has been shown that 750/0 of disconnections occur at the endotracheal tube/catheter mount junction, 1 and as pressure transients sufficient to inhibit some ventilator alarms may be generated close to certain ventilators such as minute volume-dividers and proximal to systems such as the Bain,9 despite the presence of a disconnection. It was felt that devices with unprotected, uncalibrated controls should not be recommended for general use, as high-pressure thresholds or long-time delays could be set accidentally or deliberately without a subsequent user being aware of them.
Time delays before alarms sound should not be dangerously long; twenty-five seconds was chosen as the limit (see Table 3 ). Alarms with excessively long time delays appear to have been designed to accommodate patients being weaned using intermittent mandatory ventilation (IMV) at slow mandatory rates. However, since such patients are usually not at great risk from disconnection, alternative types of monitoring are more appropriate, such as the monitoring of expired minute volume or end-tidal carbon dioxide. It was felt that devices with excessively long time delays with unprotected time-delay controls should not be recommended for general use.
Continuous pressure alarms. Only one device (Device 7) used a discrete alarm point for this function. Other devices used the low alarm set point for this purpose, although the requirements of a low and continuous alarm are, to some extent, mutually exclusive. Continuous alarms require lower pressure values for set points and shorter time delays than those required for low alarms. Some devices (Devices 3, 4 and 5) fortuitously responded to continuous pressures above a threshold that was below the set low-pressure alarm threshold; another (Device 10) responded only to a continuous pressure well above the low-alarm threshold, and was deemed unsatisfactory in this respect.
A high-pressure alarm is an important feature because of the well-documented hazard of excessive airways pressure. 2 Since such problems may arise very rapidly, high-pressure alarms should have no time delay at all, and should have thresholds which are preset at a reasonable level. It may be necessary in an intensive care unit to have access to the adjustment of such an alarm threshold for certain patients with low pulmonary compliance. However, such adjustment should be carried out by senior personnel and the setting should be calibrated or clearly labelled when it has been set at a higher value.
A sub ambient pressure alarm was fitted to only one device (Device 7). This may detect patient inspiratory effort or fresh gas failure when used with certain ventilators; although useful, we do not regard this facility as essential.
General Considerations. Alarms should be clearly audible as well as visible. A reserve power supply is desirable though not essential as long as there is an adequate power failure warning. The absence of flashing of an indicator bulb does not serve as an adequate warning of power failure (Device 5). Some devices were fitted with 'test' facilities, but many test only the efferent limb of the alarm function. It is our opinion that if a ventilator alarm is to be used, a practical clinical test should always be carried out by the user. Such a test procedure is currently being evaluated by the authors.
Although none of the devices failed because of the effects of humidified gases, protection against moisture may be important in the clinical setting, particularly with long-term use in an intensive care unit, as the exposure to water vapour was for only 4-6 hours in the laboratory. This may be achieved by using a purge pump (Devices 6 and 10), by the use of filters, or by simply positioning the device higher than the patient breathing system.
Device I (Bourns LS 160 Ventilation Monitor). This device has low-and highpressure alarm functions, as well as low-and high-rate alarms and loss of positive end expiratory pressure (PEEP) alarm. A digital display shows either inspiratory time, expiratory time, inspiratory/expiratory ratio or rate. The many controls on this expensive, complex device are unprotected and inaccurately calibrated, and may be easily set at potentially dangerous levels. Power failure precautions are adequate because although the power failure alarm operated only when the voltage fell below 100 volts, the high-rate alarm sounded (inappropriately) below 180 volts. There is no continuous pressure alarm or on/off protection. This device is sold, appropriately, as a ventilator monitor, rather than as a ventilator alarm, in which capacity it should not be recommended for general use.
Device 2 (Campbell Respirator Alarm). * An inherent limitation of this device is that the pressures are monitored at the ventilator and not close to the patient. Thus, a partial disconnection, for example, may not be detected. The first machine supplied for evaluation failed to operate, but was promptly replaced by the supplier. Its replacement had controls for the low and continuous alarms which were unprotected and could be set at potentially dangerous levels. The continuous pressure alarm showed excessive hysteresis. There was no on/off protection or highpressure alarm, although pressures of up to 200 cm H20 could be generated in the patient breathing system within a few respiratory cycles after occlusion of the scavenging exhale port. The power failure alarm was considered unsatisfactory because, although it sounded at voltages below 5 volts, the low-pressure alarm threshold fell to potentially dangerous levels at such voltages. This ventilator alarm should not be recommended for general use.
Device 3 (CIG-Medishield Ventilator Alarm). This device performed satisfactorily with respect to its low, high and continuous pressure alarm functions. Although the high-pressure alarm threshold could be set to excessively high pressures of up to 152 cm H20 (the manufacturer's claim for this value is 200 cm H20), this control is adequately protected both by a trap-door and the need to be reset with a tool. It also has a key-operated on/off switch, comprehensive power failure precautions, and a visual cycle indicator. However, the low and continuous pressure control is uncalibrated, inadequately protected, and can be set at poten tially dangerous levels. A simple modification of this control to make it similar to the high-pressure threshold control in the same machine should make this machine suitable for use both in the operating theatre and in the intensive care unit.
Device 4 (CIG-Medishield Series 80 Circuit Disconnect Monitor). This device has satisfactory low and continuous pressure alarm functions, a satisfactory power failure warning, a reserve power supply when used with an external power source, and a visual cycling indicator. Inappropriate settings of alarm point are possible, but the controls are well protected. The first machine supplied failed to operate *This model is no longer available and has been upgraded and replaced by the VAI-8 alarm. Changes include a narrower pressure threshold range from 8-18 cm H 2 0. An option of a pressure-activated on switch and a mute facility are also available. satisfactorily after alteration of its pressure threshold, but was promptly replaced by the supplier. Drawbacks are the lack of a highpressure alarm and lack of adequate protection of the on/off switch. The on/off switch may be protected by a simple 'in-house' mechanical modification (such as a protective housing) to prevent accidental disablement of the device while in use. If this device is turned on and checked, and the above requirements have been satisfied, it can be recommended as a 'disconnect alarm' for general use in the operating theatre. It should not be so recommended for use in the intensive care unit without the addition of a 'mute' control and better 'on/off' protection.
Device 5 (elements Ventalarm). This device has satisfactory low and continuous pressure alarm functions, an automatic pressureactivated on switch, and a visual cycling indicator. It has no high-pressure alarm. The low and continuous pressure threshold can be set at potentially dangerous levels, but the control is adequately protected. The prototype model supplied for evaluation had problems caused by sticking of the single control button. There is no test facility or power failure alarm. However, the visual cycling indicator fails below 6.5 volts (nominal voltage = 9 volts), at which stage the manufacturers claim 100 hours of operation remain for the audible alarm. Therefore, as long as the cycling light is checked before each use, this compact, inexpensive device is satisfactory for use in the operating theatre. It should not be recommended for intensive care unit use because the operation of the 'off' button, to silence the alarm during patient disconnection for airways suctioning, will permanently disable the alarm if the patient is not reconnected to the ventilator. Device 6 (Drager Barolog A). This complex, expensive device has low, high and continuous pressure alarm functions. However, dangerous settings are possible, the controls are unprotected, and the device has no on/off protection. Power failure precautions are unsatisfactory because although the power failure alarm activates below 75 volts, the machine malfunctions below 150 volts. The device may be used as a ventilator pressure and Anaesthesia and Inlensit'e Care, Vol. 14, /V'o. 2, !\1ay, 1986 rate monitor, but should not be recommended as a ventilator alarm for general use.
Device 7 (Drager DPM-S Pressure Monitor). This was the only machine tested with satisfactory low, high, continuous and subambient pressure alarm functions. The continuous, high and subambient alarm functions cannot be disabled. However, unless the high-pressure interface is connected to a suitable ventilator, the low-pressure alarm will fail to operate unless the device has been turned on. The manufacturer recommends that the on/off switch be turned on even with the highpressure interface operational, since failure of the high-pressure gas source will otherwise result in failure of the low-pressure alarm function. This on/off switch is unprotected, and it is recommended that the switch should be modified by the addition of a protective housing, as suggested for Device 4 (above), and that all operators be made aware of the necessity for this switch being in the 'on' position during use in the operating theatre. Better protection, such as a key-operated switch, may be desirable for intensive care unit use, where the 'mute' facility provides safe protection during patient suction. Although the low-pressure threshold control is unprotected, there are only three settings (7.5, 12.5 and 25 cm H20), each of which is clearly labelled and accurately calibrated. If the lowest setting is used, the device may fail to detect a partial disconnection. 9 Thus, in addition to turning the switch 'on' and testing the device before use, it is necessary to select the highest suitable setting in any particular patient.
Device 8 (Drager Precom Respiratory Pressure Gauge with System Alarm). This device is based on a mechanical pressure gauge, the alarm point of which is set by turning the bezel to the required setting. When the mechanical pointer fails to pass this point in a preset time, the alarm sounds. The low and continuous pressure alarm functions were unsatisfactory because, although the gauge was accurate on static testing, it was subject to errors of up to 50070 with dynamic testing. It had no high-pressure alarm function, and inadequate on/off protection. Although the test facility was adequate, there was no power failure warning or reserve power supply, and the device was disabled by overpressure. It therefore should not be recommended as a ventilator alarm for general use.
Device 9 (Healthdyne 10100 Pressure Alarm). This device has low-and high-pressure alarm functions, with a continuously variable time delay control and variable low-and highpressure thresholds, the controls of which had no mechanical stops. The device had no continuous pressure alarm facility, no power failure precautions, was inaccurately calibrated, and had no on/off protection. It therefore should not be recommended as a ventilator alarm for general use.
Device 10 (Monaghan 702 On-Guard Alarm). This is a mains-powered device with low and continuous pressure alarm functions. The lowpressure alarm, with fixed thre~hold, functioned satisfactorily, but the continuous pressure alarm was only sensitive to continuous pressures above 25 cm H20. There was no on/off protection and the power failure warning was inadequate, as the intermittent 'bleep' arising when the device was disconnected from the mains supply while turned 'on' was almost inaudible. There was no reserve power supply. It therefore should not be recommended as a ventilator alarm for general use.
Device 11 (Penlon lOP Pressure Failure Alarm). This is a well-designed device with no external controls. lo Insertion of the tubing connector probe into the unit tests all functions and switches the unit on. Should the probe become disconnected, escaping gas from the probe sounds an inbuilt warning whistle. The manufacturers warn that when used with paediatric ventilators, insufficient flow may be generated to operate this whistle on disconnection. It has satisfactory low-and continuous-pressure alarm functions, but no high-pressure alarm. Although it has no reserve power supply, it has a satisfactory power failure warning. It is therefore suitable for use as a disconnect alarm in the operating theatre. The further addition of a 'mute' facility would render this device suitable for use in the intensive care unit as well. The manufacturers now offer an optional high-pressure alarm on all models, an option which is strongly recommended. 11 A further version of the alarm called the MVD has supplementary protection against partial disconnection, as the low-pressure alarm system does not register pressure pulses above the alarm threshold (7.5 H 2 0 cm in this model) which are less than 0.7 seconds in duration. Such an alarm should not be inhibited by short duration pressure impulses arising during partial disconnection with certain types of ventilator, particularly the minute volume dividers. Standard lOP alarms are now also fitted with a short delay to reduce the likelihood of inhibition of the alarm by spurious pressure pulses.
Device 12 (Telectronics RA2B Respiratory Alarm). This device has lowand continuouspressure alarm functions. The low-pressure alarm function is unsatisfactory because of inaccurate calibration and excessive hysteresis. It has inadequate on/off protection, no power failure precautions, and no cycling indicator. It therefore should not be recommended as a ventilator alarm for general use.
Device 13 (Ventronics Ventilarm 5520L Low-Pressure Alarm). This device has a low-pressure alarm only, and is marketed as such. This model has inadequate on/off protection and no power failure precautions. A key-operated on/off switch and a low power indicator lamp are available on other models, but none of the models in this range should be recommended for general use as the unprotected time delay control can be set to excessive values.
In summary, therefore, according to our criteria, only Devices 3 and 7 should be recommended for general use as ventilator alarms, and only Devices 4, 5 and 11 for general use as disconnect alarms. Devices 3 and 11 were rated 'good' by the Department of Health and Social Security (United Kingdom).11 This group did not test the other devices in our study. Devices 7, 9 and 11 were rated 'acceptablepreferred', and devices 1 and 13 as 'not recommended' by the Emergency Care Research Institute in their evaluation study. 12 It is important to note that our recommendations are subject to the reservations and suggested modifications in each instance (see above). It is our view that the lack of power failure precautions, or the presence of unprotected or uncalibrated pressure and time controls render a device unacceptable for general use.
The anaesthetist takes on a grave responsibility in electing to paralyse a patient and assume responsibility for ventilation of the lungs. It is reasonable that he or she should be completely familiar with the applications and limitations of any ventilator alarm he or she may wish to use, and that the device should be tested before use. Such testing is recommended by the British Department of Health and Social Security. 13 It is important to note that it is difficult to accurately determine the threshold pressures of alarm functions in this manner, and that the clinical test represents only a rough check of the performance of the device. It is essential that all ventilator alarms also be subjected to regular documented services, at which time the pressure thresholds and time delays should be accurately determined, adjusted if necessary, and, if the controls are not clearly labelled, the set points be displayed on the ventilator alarm or on an attached card.
Additional forms of ventilation monitoring (such as end-tidal C02 monitoring) should be used on high-risk patients. Even the devices which we have recommended for general use may be subject to mechanical failure which may render ineffective or disable alarm functions without the situation being apparent to the user. Alarm functions may be rendered ineffective or disabled with partial circuit disconnections and/or changes in chest compliance. In fact, it could be argued that at least two independent alarms, for example, both a pressure and a C02 alarm, each of which should have been tested prior to use, should be used before complete faith is placed in a ventilator alarm system.
It is concluded that eXisting devices have shortcomings and that no device should be used by anyone unfamiliar with the particular limitations of the device in question. Ventilator alarms should be checked before use in the operating theatre, and once during each shift in the intensive care unit. There is room for future development in this important area; resettable microprocessor-based recognition of pressure waveform patterns, backed up by a functionally independent C02 monitor, may constitute the basis of the ventilator-monitoring Anae,rlhesiu and Intensive Care, Va!. 14, No. 2, /'vfay. 1986 device of the future, incorporating all the desirable features in a robust, simple and reasonably priced unit.
